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REMARKS 



Claims 48-50, 53,64-78, 80-88,91-93,96-98, 100-103, 105, 106, 108-110, 114-116 are 
pending in this application. The Applicants have cancelled claims 51-52, 62, 63, 104, 107, and 
1 1 1 without prejudice. The Applicants have amended claims 50, 53, 65-68, 72, 75, 85, 86, 91, 

92, 1 00, and 1 01 . Claims 1 1 5 and 1 1 6 are new. Support for these new claims can be found in 
the specification, for example, at page 18, lines 23-26. 

Allowed Claims 

The Applicants thank the Examiner for stating that claims 48, 49, 64, 78, 80-84, 86-88, 

93, and 96-98 are allowable. 

Examiner Interview 

The Applicants thank Examiner Schnizer for the telephonic interview of October 26, 
2005 in which the written description and enablement rejections were discussed, as further 
described below. 

Claim Objection 

The Office Action states that claim 92 is objected to as depending from a rejected claim, 
claim 91, and would be allowable if rewritten in independent form (page 20). The Applicants 
have rewritten claim 92 in independent form, and request that this objection be withdrawn. 

35 U.S.C. § 1 12, 2"^ Paragraph 

The Office Action alleges that claims 50 and 91 are indefinite "in the use of the term 
'amino terminal truncation,'" and that "[i]t is unclear if the claims are drawn to an N-terminal 
fragment of SEQ ID NO:4, or to a C-terminal fragment of SEQ ID N0:4" (page 3). The 
Applicants have amended claims 50 and 91 to indicate that the N-terminus of the fragment is at 
any one of amino acids 81-139 of SEQ ID NO:4. 
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The Office Action alleges that claim 85 is indefinite because the term "said polypeptide 
produced" lacks antecedent basis (page 4). The Applicants have amended claim 85 and submit 
that this rejection has been overcome. 

The Applicants respectfully submit that claims 50, 85, and 91 are in condition for 
allowance and request that these rejections be withdrawn. 

New Matter 

The Office Action alleges that claims 50 and 91 fail to comply with the written description 
requirement and that "[tjhere is no support in the specification as filed for a C-terminal fragment 
of SEQ ID N0:4 with an N-terminus corresponding to position 140 of SEQ ID NO:4" (page 5). 
Because the amendments to claims 50 and 91 clarify the ambiguity alleged by the Office Action, 
the new matter rejection can likewise be withdrawn. 

Written Description 

The Office Action alleges that claims 51-53, 62, 63, 65-74, 100-1 10, and 1 12-1 14 lack 
written description. Solely to expedite prosecution, the Applicants have cancelled claims 51, 52, 
62, and 63 without prejudice, reserving the right to pursue this subject matter in this or related 
applications. Thus, the remaining independent claim rejected under this provision is claim 53, 
which refers to a hybridizing nucleic acid. 

The Office Action alleges at page 9: 

Example 9 [of the Written Description Guidelines] presents a claim drawn to an 
isolated cDNA that specifically hybridizes under highly stringent conditions to the 
complement of the sequence set forth in SEQ ID N0:1 , wherein said nucleic acid 
encodes a protein that binds to a dopamine receptor and stimulates adenylate 
cyclase activity. Thus the protein encoded by the claimed nucleic acid must have 
a specific function ... In contrast the rejected claims identify no specific receptor 



Without conceding the point, the Applicants have amended claim 53 to indicate that the 
polypeptide encoded by the recited nucleic acid is capable of inducing apoptosis in an HT-29 
colon carcinoma cell. With this functional limitation, claim 53 is analogous to the model in 



or activity. 
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Example 9 of the Written Description Guidelines.^ Therefore, the amendment to claim 53 
overcomes the written description rejection of this claim and the claims that depend therefrom. 

The Applicants have amended claims 65-68, 72, 100, and 101 so they no longer depend 
from claims 51 or 52, and submit that these amendments overcome the written description 
rejection of claims 53, 65-68, 72, 100, and 101, and of the claims that depend therefrom. For at 
least these reasons, the Applicants respectfully request that the rejection of claims 53, 65-74, 
100-103, 105, 106, 108-1 10, and 1 14 for lack of written description be withdrawn. 

Enablement 

The Office Action alleges that claims 51-53, 62, 63, 65-74, and 100-1 14 are not enabled. 
As discussed above, claim 53 is directed to a hybridizing nucleic acid.^ The Applicants have 
amended claim 53 to indicate that the polypeptide encoded by the claimed nucleic acid is capable 
of inducing apoptosis in an HT-29 colon carcinoma cell. During the telephone conference, the 
Examiner nevertheless alleged that this claim would not be enabled for reasons stated in the 
office action. The rejection is respectfiiUy traversed. The Examiner's stated posifion on claims 
with hybridizafion language is found on page 15 of the Action: 

[H]ybridization guarantees structural similarity only at the nucleic acid level, and 
not at the polypeptide level. For example, a hybridizing nucleic acid can be 99% 
percent identical to SEQ ID N0:3, but if it contains a frameshift mutation in the 
second codon, then it does not encode a polypeptide with any structural or 
functional resemblance to SEQ ID N0:4. The specification as filed does not teach 
how to use proteins arising from any of the multitude of frameshift or nonsense 
mutations embraced by the claims. 

As an initial matter, nucleic acids with frameshifts and nonsense mutations can be used as 
hybridization probes as was known in the art. The claimed nucleic acids, by definition, hybridize 
to the complement of a coding sequence for human TRELL (nucleotides 106-852 or 241-852 of 
SEQ ID NO:3), and thus can be used to detect whether human TRELL is expressed. Thus, one 
skilled in the art would Icnow how to use the claimed nucleic acids even if they had frameshift or 
nonsense mutations. 

' available at http://www.uspto.gov/web/offices/pac/writtendesc.pdf. 

^ As discussed above, the claim here closely resembles Example 9 of the Written Description Guidelines. Although 
enablement and written description are different inquiries, it is unlikely that the Patent Office would illustrate its 
view of the patent laws with a hybridization claim if it thought that such a claim could not also be enabled. 
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In any event, claim 53 as presently amended refers to nucleic acids that encode a 
polypeptide that is capable of inducing apoptosis in an HT-29 colon carcinoma cell. At the time 
of the priority filing, the triplet nature of the genetic code and the three eukaryotic stop codons 
were described in most molecular biology textbooks and were rudimentary knowledge for those 
skilled in the art. For example, those skilled in the art would easily perceive a drastic frameshift 
and would recognize and discard nucleic acids that were so crippled. 

Moreover, undue experimentation would not be required to prepare a nucleic acid 
according to claim 53. The level of skill in molecular biology at the time the invention was 
made was high, and methods of altering nucleic acids were routine. The specification at pages 
1 8-24 mentions, and cites references regarding, PGR mutagenesis, saturation mutagenesis, 
degenerate oligonucleotides, alanine scanning mutagenesis, cassette mutagenesis, and other 
techniques. Thus, there was no impediment to creating variant nucleic acids. 

Nor would one skill in the art need to engage in undue experimentation to test whether a 
polypeptide encoded by the altered nucleic acid recited in the claims induces apoptosis in an HT- 
29 colon carcinoma cell. The Office Action alleges at pages 18-19 

In Wands, the court found that it was not undue experimentation to screen 
hundreds of thousands of hybridomas for a single antibody because such was 
routine in the art at the time of the invention. There is no evidence of record that it 
was routine in the art at the time of the invention to screen large numbers of 
mutants for TRELL activity, and the specification discloses no high throughput 
assay for detecting such claimed activities ... 

First, patent law does not require that claims to nucleic acids be supported by a high 
throughput assay to be enabled. Wands itself declared that extensive experimentation is 
permissible and did not turn on assay throughput. 

Second, the application describes and provides an example (at pages 36-37) of how to 
test TRELL polypeptides for this function. The disclosed assay was routine at the time of filing. 
The fact that a routine assay for activity is provided is sufficient to find enablement under Wands 
and it is inappropriate for the Examiner to require a higher standard than that required under the 
law. 

Third, even if the law required a high-throughput assay for enablement (which it does 
not), the application's exemplary assay was known to be amenable to high throughput format . 
As described on page 37 of the application in Table 2 and its legend, cytotoxicity was measured 
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by a proliferation assay (Table 2, footnote a). As described in the text on page 36, "Cell growth 
[proliferation] assays were carried out as previously described (Browning and Ribolini, 1989 [J. 
Immunol, 143:1859-1867])." The Browning and Ribolini paper (Exhibit A) describes cytolytic 
and cytostatic assays on page 1 860, "Growth was quantitated by using mitochondrial reduction 
of the dye MTT as described . . . The OD at 570 nM was determined with an ELISA plate reader " 
(emphasis added). Because this assay can be analyzed using an ELISA plate reader, it clearly 
can be used for a high throughput screen. Even in 1983, the MTT assay was known to be useful 
as a high throughput assay (Mosmann, J. Immunol. Methods 65:55-63 (1983); Exhibit B). As 
stated in the Abstract of this paper, "The results can be read on a multiwell scanning 
spectrophotometer (ELISA reader) and show a high degree of precision. No washing steps are 
used in the assay. The main advantages of the colorimetric assay are its rapidity and precision 
. . ." (emphasis added). Rossi and Zetter (Proc. Natl Acad. ScL 89:6197-6201 (1992); Exhibit C) 
described using the MTT assay and state on page 6198, "the absorbance at 600 nm was detected 
using a Dynatech automated microplate ELISA reader " (emphasis added). Thus, the MTT assay 
can be performed in an automated high throughput mode. Clearly, at the time of filing, one 
skilled in the art could, without undue experimentation, use the cytotoxicity assay described in 
the application to determine if a nucleic acid hybridizing to the complement of a coding 
sequence for human TRELL (nucleotides 106-852 or 241-852 of SEQ ID N0:3) encodes a 
protein that induces apoptosis in an HT-29 colon carcinoma cell. Accordingly, even if the 
Examiner's own heightened requirement, which is not based on law or regulation, for a high- 
throughput assay were applied here, the present claims would pass the test. 

In sum, one skilled in the art could make and use nucleic acids within the scope of claim 
53. Accordingly, the Applicants respectfully request that the enablement rejection of claims 53, 
65-74, and 100-103, 105, 106, 108-110, and 1 14 be withdrawn. 

35U.S.C. § 102 

The Office Action has rejected claims 75-77 as being anticipated by Shirai et al. (U.S. 
Patent No. 4,921,698) because Shirai et al. teach a method of expressing a polypeptide 
comprising the sequence Gin- Asp-Pro in a mammalian cell. The Applicants have amended 
claim 75 to indicate that the polypeptide of SEQ ID N0:4 or a soluble fragment thereof that is 
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capable of binding to a HT-29 colon carcinoma cell and inducing apoptosis in said carcinoma 
cell is expressed by the method recited in the claim. The Applicants request that this rejection be 
withdrawn because Shirai et al. do not teach expression of the polypeptide of SEQ ID N0:4 or a 
soluble fragment thereof that has the recited function. 



The Applicants respectfully submit that all claims are in condition for allowance, which 
action is expeditiously requested. The Applicants do not concede any positions of the Examiner 
that are not expressly addressed above. All amendments and cancellations are made without 
prejudice and disclaimer and may be made for reasons not explicitly stated or for reasons in 
addition to ones stated. 

The Applicants request that the Examiner call the undersigned if helpful to expedite 
prosecution. 

No fees are believed due. Please apply any charges or credits to deposit 
account 06-1050, referencing Attorney Docket No. 10274-107001. 



Fish & Richardson P.C. 
225 Franklin Street 
Boston, MA 02110 
Telephone: (617)542-5070 
Facsimile: (617) 542-8906 
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STUDIES ON THE DIFFERING EFFECTS OF TUMOR NECROSIS FACTOR AND 
LYMPHOTOXIN ON THE GROWTH OF SEVERAL HUMAN TUMOR LINES 

JEFFREY BROWNING* and ANN RIBOLINI 
From the Department of Cell Biology and Immiinotogy, Biogen Inc., 14 Cambridge Center, Cambridge, MA 02142 



The relative ability of TNF and lymphotoxin (LT) 
to inhibit the growth of five human tumor cell lines 
was examined both in the presence and absence of 
IFN-7. Two adenocarcinoma lines, HT-29 and SK- 
CO-l« were 20- and 320-fold more sensitive to the 
inhibitory effects of TNF than LT in 3- to 4-day 
proliferation assays, hi contrast, the breast carci- 
noma line BT-20 showed only a one- to twofold 
difference. The MCF-7 and BlE-180 cell lines exhib- 
ited intermediate behavior. These results parallel 
the reported disparate potencies of TNF and LT in 
their effects on endothelial cells, hematopoietic de- 
velopment and their abilities to sustain a mixed 
lymphocyte response. Radiolabeled TNF binding 
studies showed two classes of receptors (Kd 0.04 to 
0.15 nM and 0.2 to 1.0 nM] on the highly sensitive 
SK-CO-1 line. HT-29 cells also appeared to possess 
some high afflnity-binding sites, whereas the BT-20 
line completely lacked the high afOnity form. Thus 
the presence of high affinity-binding sites corre- 
lated with increased sensitivity to the antiprolifer- 
ative effects of TNF. Cold TNF competed with the 
binding of radiolabeled human TNF three- to fivefold 
better than LT for binding to all three lines. These 
relatively small differences between the TNF and LT 
receptor-binding characteristics are insufficient to 
explain the dramatic disparity in their antiprolifer- 
ative properties. Likewise, the absolute concentra- 
tions of the unlabeled cjrtokines necessary to block 
the bhiding of "n-TNF were 10- to 150-fold higher 
than the levels necessary to elicit the biologic re- 
sponse. Thus, the receptor binding data conflict 
with the growth Inhibitory effects. This discrepancy 
is discussed in terms of either separate receptors 
for TNF and LT or more complex phenomena such 
as receptor cooperativity prasibly resulting firom 
multivalent interactions with the trimeric form of 
TNF, 

TNF and LT* also called TNF-a and TNF-i3. respectively, 
are two proteins characterized originally for their cyto- 
lytic properties and, In the case of TNF, Its In vivo tumor 
necrotic activity (for reviews see References 1 to 5). These 
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proteins can be directly cytolytic to certain timior lines, 
yet in other cases they can actually promote growth (6, 
7). TNF Is produced by many cell types Including mono- 
cytes. T cells. NK cells (1, 9). and even cells of nonhe- 
matopoletlc origin (8, 10), whereas LT appears to be 
released primarily by lymphocytes (2, 11-13). More re- 
cently, the cloned gene products have been demonstrated 
to display a wide range of activities. TNF appears to play 
major roles In specific aspects of metabolic control, the 
response to endotoxin shock (14). the control of hemato- 
poietic cell development (15-18), and it shares with IL-1 
many proinflammatory actions (e.g.. Reference 19). Al- 
though many of these activities have also been demon- 
strated for LT. a comprehensive picture of their relative 
roles remains unclear. 

Initially TNF and LT were described as having similar 
cytotoxic activities (20), however, more recent work has 
indicated that LT is less active on certain tumor lines (21 . 
22). A comparison of LT and TNF activities reveals dis- 
parate potencies In several systems. The human endo- 
thelial cell responds to TNF stimulation by secreting 
IL-1 and CSF, by expressing surface adhesion proteins, 
and by exhibiting increased adherence for neutrophils 
(23, 24). Similarly, granulocyte CSF release from fibro- 
blasts was Induced differently by LT and TNF (25). In 
each of these cases. LT was at least 100-fold less active 
than TNF. In our experiments, TNF was 20- to 50-fold 
more effective than LT in Its ability to Induce primary 
human umbilical vein endothelial cells to bind retlnolc 
acld-lnduced HL-60 cells (J. Browning and P. Lawton. 
unpublished results). Likewise. LT Is less effective rela- 
tive to TNF In inducing human peripheral monocytes to 
release CSF-1 (1 8) and in its ability to promote the mixed 
lymphocyte response (26). In contrast to this pattern. LT 
has been reported to cause an Inflammatory reaction In 
normal skin whereas TNF was inactive (27). In receptor- 
binding experiments with ME- 180 (28), L929 (29. 30). 
HL-60 (31), and U937 (32, 33) cells, LT competed with 
labeled TNF almost equally well for binding to Its receptor 
and vice versa, suggesting that both molecules Interact 
with the same or similar receptors. The conflicting nature 
of the observations that these proteins share common 
receptors yet display widely differing activity profiles 
poses an Interesting problem. 

In this paper, we examined the antl-prollf eratlve effects 
of TNF and LT on several human tumor lines both In the 
presence and absence of the synciglsUc factor. IFN-7 and 
have attempted to correlate differing biologic activities 
with receptor-blndlng properties. The apparent discrep- 
ancy between the receptor-blndlng studies and the bio- 
logic effects Is discussed. 
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MATERIALS AND METHODS 

Cytotoxlns. Huizuui rTNF was expressed In Escherichia colt and 
purtfled to homogeneity as previously described (34). This prcpara- 
Uon had a specific activity of 5. 3 x 1 0' U/mg as defined by reference 
to the NaUonal Biological Standards Board TNF (Hertfordshire, Eng- 
land) In the 1-day L929 cell cytolytic assay. Early experlmcnts with 
murine rTNF utilized protein produced at Biogen, whereas later 
experiments employed material that was a gift ^ Suntory Pharma- 
ceutical C3o. (Osaka. Japan). Both preparations had a specific activity 
of 3 X 10^ U/mg in the L929 assay system. A cDNA clone encoding 
human LT was Isolated from a RPMI 1 788 cDNA Ubrary by using an 
exact oligonucleotide probe to the sequence previously described (20). 
The gene was sUbly transfected into CHO cells and amplified by 
using a dlhydrofolate reductase/methotrexate selection system. rLT 
was purified from scrum-free, LT-transfectcd CHO ccU-condlUonod 
media with a series of Scpharose S, IcntU lectin, and FPLC Mono Q 
column chromatography steps. rl-T purified by this route was 90 to 
95% pure, was glycosylated and had a specific activity of 3.1 x 10^ 
U/mg by reference to the standard TNF sample. The protein conteiU 
of the TNF and LT samples was determined by parallel amino add 
composIUon analysis. Allquots of cytotoxlns at 1 (LT) and 10 (TNF) 
tig/ml were frozen and fresh allquots thawed for each assay. Human 
rlFN-T was produced from E. colt with a specific activity of 1.5 x 
10' U/mg (cnccphalomyocardltls vlrus/WISH cell system). Murine 
rlFN-ir was produced in B, coli yielding a prcparaUon with a specific 
activity of 1 X 10' U/mg by using a vesicular stomatitis virus^029 
assay system. 

Cytolytic and cytostatic assays. The murine tumor line L929 
and the human lines HT-29, SK-CO-1, BT-20, ME-180 and MCF-7 
were obtained from the American Type Culture Collection (RockvUle. 
MD) and grown in RFMI 1640 supplemented with glutamlne, 50 mM 
2-ME. peniciUln/streptomydn, pyruvate, 10 mM HEPES buffer, and 
10% Hyclone FCS (L929, HT-29. and ME-180 lines) or MEM (Eagle's) 
supplemented as above only without HEPES and with nonessential 
amino acids (SK-CO- 1 . BT-20, and MCF-7 lines). The cells were free 
of mycoplasma contamination (Gen-Probe test) and periodically 
monitored. One-day cytolytic assays using murine L929 cells were 
carried out by prcplating L929 cells in 96-well plates (0.05 ml/well) 
before use. When the cells were about 50% confluent (1 to 2 days), 
serial dilutions of TNF or LT In 0.05 ml with 2 ^ml mitomycin C 
were added. Growth was quantltated by using mitochondrial reduc- 
tion of the dye MTT as described (35). After 20 to 30 h. O.OI mi of 5 
mg/ml MTT dye was added, and after an additional 3 to 4 h. 0.1 ml 
of Isopropanol with 10 mM HCl was added to dissolve the reduced 
MTT dye. The OD at 570 nm was determined with an ELISA plate 
reader. Cytostatic assays of 3- to 4-day duration were performed as 
described for the cytolytic assay except that mitomycin C was omit- 
ted. Typically, wells were seeded with 3000 to 8000 cells/well at day 
0. which resulted in a 0.4 to 0.8 OD signal after 3 to 4 days of 
growth. The initial cell concentration was adjusted to compensate 
for the slow growth of lines such as SK<X>-1 and BT-20. After 3 to 
4 days, growth was assessed by using the MTT dye reduction method 
as described above. Although the absolute concentration of cytotoxln 
required to give 50% Inhibition varied slighUy from experiment to 
experiment, the potency of LT relative to TNF was very reproducible. 
In both the growth-Inhibition assays and the receptor-binding stud- 
ies, a monomerlc m.w. was assumed for both TNF and LT. 

TNF-b(nd<r^ assays. rTNF was lodlnated by the iodcgen method 
as described (28) except that the following ratios of reactants were 
used: 2 lig lodogen. 10 itg TNF. and 1 mCl of ^^I in a volume of 0.05 
ml. was reacted with lodogen alone for 2.5 mln at O'C followed 
by the addition of TNF and the reaction continued for 10 mln. The 
free Iodine was separated on a BioRad P-6DG column. Bloassay using 
L929 cytotoxicity showed typically retention of at least 50% of the 
starting activity yielding a specific activity of 12 to 20 ttd/tig active 
TNF. SDS-PAGE and autoradiography showed that only TNF was 
lodlnated. For direct binding experiments, cells from nonconfluent 
plates were removed with 5 mM EDTA in calclum/magnesium-free 
PBS, collected and resuspended at a concentration of 0.5 to 2 x 10^ 
cells/ml by repeated passage through a 5-ml pipette Into RPMI 1640 
with 10% FCS and 0,1 % sodium azlde. Allquots of 0.5 ml were rocked 
in a 3-m) conical polypropylene tube for 4 h at 4**C In the presence 
of '^I-TNF, Nonspecific binding was assessed by Including 4 Mg/ml 
cold TNF In control samples and it constituted generally 20% or less 
of the total binding. The cells were washed twice with 3 ml of Ice- 
cold Dulbecco's PBS with 5% FCS and 0.1% sodium azlde and 
coimted. Direct binding was analyzed with a standard Scatchard 
plot. Competitive binding was analyzed In a similar fashion by using 
50 pM *^I-TNF In the case of HT-2g and SK<X)-1 ceUs and 100 pM 
with the L929 cells. The same unlabeled TNF and LT solutions used 
in the growth Inhibition assays were employed In the competition 
assays. Competitive binding was analysed by using loglt analysis 



whereby loglt - In {Y/UY) and V Is equal to percent bound (36). In 
all of the receptor-binding analyses, curves were fitted by eye and 
no attempt was made to deconvolute curvilinear Scatchard plots by 
more rigorous methodologies. 

TNF/LT cross'linking, *"I-TNF or »»^-LT (prepared as described 
at>ove for TNF) was diluted into 50 mM potassium phosphate buffer, 
pH 7.4, with 100 pg/ml BSA and with or without various deteigents. 
Samples at final concentrations of 100 (TNF) and 50 (LT) ng/ml were 
treated at O^C with 1 mM EOS (Pierce Chemical Co., Rockford. IL; a 
concentrated stock solution was prepared In dry dlmethylformamkle) 
or at room temperature with glutaraldehyde (Electron Microscopy 
Sciences, Ft. Washington. PA) at a final concentration of 0.1% v/v. 
After 30 mln, SDS-gel sample buffer was added and the samples 
were boiled and analysed by SDS-PAGE and autoradiography. 

RESULTS 

Properties of CHO-derived human lymphotoxin. The 
amino acid sequence of human LT as determined from 
the cDNA nucleotide sequence agreed completely with 
the previously published sequence (20). Because the prop- 
erties of rLT secreted from CHO cells have not been well 
described, we have partially characterized this protein. 
On the basis of lentil lectin binding, the biUk of the 
secreted LT was glycosylated. The major rLT species 
migrated in SDS PAGE at an apparent M, of 20 kDa (see 
Fig. 1), which is greater than the 18-kDa nongiycosylated 
form produced In E. coli (20), yet smaller than the 25- 
kOa species originally purified from the human B-lym- 
phoblastoid line, RPMI 1788 (37). The amino acid com- 
position of the purified protein agreed with the expected 
composition. Initial batches of rLT contained two minor 
species of sIlghtLy higher of Mr. iV-terminal amino acid 
sequencing from polyvinylidene difluorlde blotted (38] 
samples of all three forms revealed identical N termini 
corresponding to the N terminus of the 25-kDa form 
described by Aggarwal et al. (37). The different forms 
probably result from heterogeneous glycosylatlon. A set 
of LT-like proteins can be immunoprecipltated from ^"S- 
methlonine-labeled. phorbol ester/PHA-stimuIated PBL 
with a rabbit antiserum raised against the purified CHO 
ceU-derlved LT (unpublished observations). In this case a 
ladder of presumably different glycosylated forms was 
observed and the predominant form secreted from CHO 
cells corresponded to the smallest form produced by pe- 
ripheral lymphocytes. The major species released by lym- 
phocytes migrated at 25 k£)a. In an examination of three 
HIV-infected htunan T cell lines, three different LT sizes 
were observed (39). Apparently, most of the natural lym- 
phocyte-derived LT is more heavily glycosylated than 
CHO-derived rLT. A SDS-PAGE gel comparing recombi- 
nant E. coIWerived TNF with rCHO cell-derived LT is 
shown in Figure 1. The LT preparation was 90 to 95% 
pure with the major Impurity being a 17-kDa protein 
corresponding probably to the 20-kDa form described by 
Aggarwal et al. (37). 

TNF exists as a compact trimer in solution (40, 41). 
Superose 86 gel exclusion FPLC chromatography in 0.1 
mg/ml BSA. 0.2 mM EDTA and PBS showed that both 
human and murine rTNF migrated with an apparent Mr 
of about 45 kDa. CHO cell-derived human rLT also mi- 
grated with a Mr of 45 kDa in this system. The lodlnated 
preparations of TNF used in the binding studies co-mi- 
grated with unlabeled TNF. Cross-linking studies were 
carried out to establish more rigorously whether LT is a 
trimer. Figure 2 shows the results of EGS and glutaral- 
dehyde cross-linking of lodlnated TNF and LT. EGS was 
capable of almost completely cross-linking TNF into a 
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Figure 2. Reduced SOS potyacrylamide get analysis 
of cither EGS or glutaraldehyde (GLU.) cross-linked 
preparations of lodlnated LT and TNF. Crosa-UnkUig 
was performed In the presence or absence of 1 % NP-40. 
Shown Is an autoradki^ph of the gel. The m.w. stand- 
ards were Bethesda Research Laboratory-prestalned 
standards and the indicated sizes are the values as 
assessed by running these nuirkers alongside the mark- 
ers used In Figure 1 . 
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Figure 1. SDS polyacramldc get comparison of hu- 
man rLT and human rTNF. Lanes were loaded with 0.2 

|a. b) or 1 .0 i>g (c. d ) of LT (a. c) or TNF [b. d|. Gel was 
composed of I6« acoflamlde/0.49% bis aciyUmMe and 
run according to the system described by Schaeffier and 
Jagow (63) and stelned with Coomassle blue. Bands at 
68 kDa represent fingerprint artifacts. 
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trf mertc structure and with LT both dlmertc and trimcrlc 
forms were observed. LT Is cross-linked less efficiently 
by EGS. Glutaraldehyde was more cffecUve than EGS In 
cross-linking both TNF and LT and both glutaraldchyde- 
treated cytokines were found as a trimers with no indi- 
cations of larger aggregates. TNF cross^linking was com- 
pletely blocked by inclusion of 1% NP-40 In agreement 
with the reported disruption of the TNF trlmeric structure 
by detergents (41). In contrast, the trimcric structure of 
LT is stable to detergent treatment. The cross-linking of 
LT by both EGS and glutaraldehyde was actually en- 
hanced by addition of either 1% NP-40 or 0. 1 % SDS (never 
warmed beyond room temperature). Thus LT is a very 
stable trimer. even at concentrations approaching phys- 
iologic levels, and this result is in agreement with the 
trimeric m.w. reported for natural RPMI 1788-derlved LT 
(42). 



Specific activities qf LT and TNFJor cytolysis and 
cytostasls of L929 cells. A comparison of TNF and LT in 
both 1- and 3-day murine L929 proliferation assays is 
shown in Figure 3. LT was slightly less potent than TNF 
on a molar basis In the 1-day assay with 50% lysis 
observed at 28 to 33 pM for LT and 13 to 15 pM for TNF. 
On the other hand* LT was more effective in the 3-day 
assay (Fig. 1 €md Table I) similar to results previously 
reported (43). The reasons for the increased potency in 
the 3-day assay are not clear. In the 3-day L929 antipro- 
liferative assay, the potency of TNF also increased about 
twofold. The specific activity for this preparation of LT 
is similar to the values determined for both natural and 
£. co/£-derlved recombinant material as assessed by us- 
ing the 1-day assay (20), thus glycosylation of the protein 
by the CHO cell does not affect the activity as was found 
previously for natural and E. cofi-derlved recombinant 
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tigure3, Compartaon of rccombtnant 
human LT (O— ^ and recombtnant hu- 

man TNF (• •) In 1-day cytolytic (A) 

and 3-day antl-proUferative (B) assays us- 
In^ the murine flbrosarcoina L929. In the 
cytolytic assay about 20.000 cells/well 
were present, whereas In the 3-day assay, 
wells were seeded with 3,000 cells/welL 
Growth was quantitated with the MTT 
reduction system and relative growth Is 
presented as ODbTo nm. Dotted lines at the 
top of the panels represent the levels of 
growth observed In the absence of added 
rTNF or rLT. 
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TABLE I 

Effects qf LT and TNF on the growth qf several tumor lines 



CellUne 



Expt. 
No. 



Ooncentnitton (pM) Giving 50% Growth 
Inhibition 







LT 


TNF 


LT 


TNP 


L929 


1 


33 


13 


35 


12 


(1-day)* 


3 


26 


15 








3 


28 


U 






L929 


1 


3 


12 






(3-day) 


2 


1 


4 








3 


3 


8 






HT-29 


1 


>2500' 


>5000 


810 


31 




2 


>2500 


>5000 


372 


16 


SK-CO-1 


1 


>2S00 


>5000* 


299 


1 




2 


>2500 


>5000 


300 


2 


BT-20 


1 


667 


368 


179 


137 




2 


415 


265 


139 


106 


ME-180 


1 


1250 


184 


215 


13 




2 


2500 


552 


240 


33 


MCF-7 


1 


>2500 


2000 


>2500 


2000 




2 











"Murine IFN-7 was used In the case of L929 cell assays, human IFN-y 
was used In all other cases. Both IFN were added at a concentration of 
500 anUvlral U/ml at the b^Umlng of the assay. 

* One-day cytolytic assay as opposed to 3-day growth assays in all other 



" The use of the greater than symbol indicates that the 50% point was 
not reached at this ooncentrauon. 

' TNP stimulated growth In the absence of IFN-7- 

forms (20). 

Specific activity qf LT and TNF for cytostasis qf sev- 
eral human tumor lines, IFN-7 synerglzee with TNF and 
LT In antiproliferative assays (44-46). The effects of TNF 
and LT on the growth of five TNF-scnsltive human tu- 
mors was examined both in the presence and absence of 
IFN-7. The results of three such comparisons are shown 
in Figure 4 and summarized In Table L The tumors 
differed dramatically both in the absolute sensitivity to 
TNF and LT as well as in the relative potency of these 
two proteins. For example, HT-29 ceUs have been de- 
scribed as being very sensitive to TNF in the presence of 
TFU-y (46. 47) as was observed in these studies. In the 
absence of IFN-y. HT-29 cells are unaffected by even very 
high levels of TNF. We had noticed during an earlier 
investigation of the lymphotoxln-like cytotoxlns pro- 
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duced by the RPMl 1 788 and the GM 3104 ceU lines that 
what appeared to be natural lymphotoxln had a low 
specific activity on IPN-7-treated HT-29 cells. This obser- 
vaUon was confirmed with CHO-derived rLT in that rLT 
was about 20 to 25 fold less potent than TNF both on a 
molar basis and in terms of L929 LU. The SK-CO-1 line 
behaved In a fashion similar to the HT-29 adenocarci- 
noma in that IFN-7 was absolutely required for antipro- 
liferative activity of LT or TNF. IFN-7 edone exhibited 
slight antiproliferaUve effects on the HT-29. SK-CO-1. 
and BT-20 lines at the 500 U/ml level. In the absence of 
IFN-7« TNF acted as a growth factor on SK-CO-1 cells* an 
observation typically made in flbroblastoid systems (6. 
7). Thus IFN-7 chaiiges the way this cell interprets the 
signals generated by TNF. i.e.. from enhanced growth to 
growth arrest responses. One could speculate that the 
antiproliferative action of IFN-7 is a result of an altered 
response to growth factors provided by the serum In a 
manner analogous to the TNF effects on the SK-CO-1 
line. The antiproliferative activity of TNF was 200 to 320 
times more potent than that of LT with this cell line. 
Although the degree of growth stimulation by TNF In the 
absence of IFN-7 was small at least as quantitated with 
the MTT assay, the concentration dependence paralleled 
closely that of the cytostatic activity observed In presence 
of IFN suggesting that IFN-7 does not modulate the affin- 
ity of the TNF receptor. A lack of receptor-affinity mod- 
ulation by IFN-7 has been reported In other systems (46, 
47). We attempted to block the growth Inhibition of SK- 
CO-1 by 1 pM TNF with 50 to 100 nM LT. LT alone at 
these concentrations did not affect growth and its inclu- 
sion with TNF did not block the TNF activity. Hence. LT 
did not act to antagonize the low level TNF effect. 

The breast carcinoma line, BT-20. was responsive to 
both LT and TNF In the absence of IFN-7 (IFN-7 being 
only slightly synei^istlc) and TNF was only one- to two- 
foW more potent than LT. The cell line ME-180, a cervical 
carcinoma, exhibited intermediate behavior with some 
synergistic interaction with IFN-7 and a 20-fold higher 
potency of TNF over LT. The breast caroinoma line. MCF- 
7, in our hands was relatively imresponslve to TNF with 
no synergy with IFN-7. The 50% point for growth inhi- 
bition by LT for four of these lines remained in the 200- 
to 400-pM range. In contrast, the 50% point for TNF 
effects varied between 1 and 150 pM. 

Receptor-binding sttidies, Scatchard analyses of dl- 
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Fiffure 4. Comparison of the antiproliferative 

acUWty of rLT (O O) and iTNF (• •) on the 

growth of three human tumor Unes; ^-CO- 1 . HT- 
29. and Brr-20. Wells were seeded with 8000 (SK- 
CO-1 and BT-20) and 4000 (HT-29) oeUs/weU and 
growth was aaacsaed after 3 days (HT-29 and SK- 
CO-1) or 4 days (BT-20). Cultures were set up 
either with or without 600 U/ml of IPN^. Dotted 
line signifies the level of growth observed in the 
absence of rTNF or rLT. either with or without 
IFN-7. 
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rect *'*I-TNF-blndlng experiments arc shown In Figure 5 
and summarized In Table n. In these studies, the concen- 
traUon of active TNF was quantltated by using the L929 
bloassay and specific activities were calculated, assum- 
ing that both Inactive and active molecules were lat>eled 
uniformly. In one case the self displacement method was 
used to assess the sp, act. and a roughly similar vcdue 
was obtained (48). The L929 cell line bound 2500 to 5500 
molecules of human TNF per cell with a dissociation 
constant of 0.5 to 1.0 nM, a value that agrees weU with 
previously published results (30. 49). In one set of exper- 
iments, the Scatchard plots had clearly defined concave 
downward appearances when data at low TNF concen- 
trations were Included (data not shown}. Such plots can 



be Indicative of positive cooperativlty (50). Scatchard 
analysis of TNF binding to SK-CO-1 cells revealed two 
types of binding sites, a low affinity form with 3000 to 
6000 sites per cell and a high affinity form with 1000 to 
2(X)0 sites/cell. The dissociation constant of the high 
affinity form. Kt 0.07 to 0. 1 5 nM, was 5- to 1 0-fold higher 
than that of the low affinity form, Kd 0.2 to 1 .0 nM. The 
HT-29 Scatchard plot was curvilinear, probably a result 
of contributions by tx)th a low affinity site similar to that 
observed on the SK-CO-1 line and some higher affinity 
components. The number of receptor sites Increased 
slightly with a 6-h pretreatment with IFN-7. however, 
these Increases were not observed with 24- to 48-h ex- 
posure paralleling previous reports (46, 47). The BT-20 
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Figure 5. Scatchard analyses of the direct binding of ***1-TNP to three 
human tunuir lines, B rcprcscnta number of TNP molecules per cell. 
Shown are data pooled from several expcilmenu. and In each caae the 
cells had been treated with IPN-r for 6 to 48 h. 

TABLE n 

Summary qf Scatchard anaiytes qf direct ***l-rNF binding to various 
tumor Itnes 



OeU 






8lte«/oell 




9Uca/oell 




L92e 


2500-5500 


0.61-0.80 






BT-20 






3000-5000 


3.30-6.S0 


HT-29 


3000-3300 


0.25-1.00 


1100-6000 


0.4O-1.10 


SK-CO-1 










Low* 


3000 


0.46 


3000-6500 


0.20-1.00 


High 


1500 


0.07 


600-2000 


0.04-0.15 



" Pretreatment with 1000 U/mJ IPN-7 fm- 6 or 48 h. 

* Data represent the ran^ of all experiments. 

* IndtcaUve of the high and low affinity sites found wtth this cell line. 

Unc posscsaed the lowest affinity receptors and clearly 
lacked any higti affinity receptor forma. Thus Increased 
sensitivity to the biologic effects of TNF correlated with 
the presence of apparently higher affinity receptors. 



Loglt plots of pooled data from competitive binding 
experiments are shown in Figure 6 and the resulu of 
individual experiments summarized in Table in. Figure 6 
represents data from both multiple cell preparations and 
different iodlnated TNF lots. Both LT and TNF competed 
With labeled TNF binding to all the ceU types examined. 
In the case of the murine L929 ceil, human LT was 
similar to murine TNF and both were more effective than 
human TNF, Whether this increased binding of LT over 
TNF simply reflects aspects of the species barrier or 
Implies that the L929 receptor is actuaUy a LT receptor 
is not clear. In contrast to the murine cell line» LT was 
three- to fivefold less effective than TNF in competing 
With labeled TNF binding to the human HT-29 and SK- 
OO-l lines. The BT-20 line possesses rclaUvcly low affln- 
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1000 
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Figure 6. Loglt analysis of the competition of unlabeled human rLT 
(open symbols) or unlabeled human iTNF (closed symbols) with 
human TNP for binding to murine L929. human HT-20, and human SR- 
CO-1 cells. In the experiments with HT-29 and SK-OO-l cells, data from 
several experiments have been pooled and different symbols were used 
to denote wbether the ceils were pretreated wtth SFS-y (squares) or were 
untreated {circles). In the L929 cell panel, the dosed ctrctes represent 
competition by u n la b eled murine rTNF and the cells were not exposed to 
irN-7. 



DISPARATE ANTl-PROUFERAnVE ACTIVmES OF TNF AND LT 



1865 



TABLE m 

Summary of competitive binding experiments 



CeU Une 


Concentration of Unlabeled Ugand (pM) at* 
Half -Maxtroal Inhtbttkm 










TNF 


LT 


TNT 


LT 


Ld29 


2,300 


600 






BT-30 






^.000 "30,000 


HT-29 


1.000 


3.000 


1,000 


2,000 


SK-CO-1 


180 


350 


180 


450 



* Concentration of unlabeled TNF or LT required to displace xme-half 
of the bound *"I-TNF from the celU. 

* The cells were incubated wtth or without IFN-y f or 6 h before per- 
forming the binding assay. 



ity receptors and although accurate data could not be 
obtained, clearly much hl^er levels of TNF and LT were 
required to displace labeled TNF from receptor sites on 
this cell. Interferon treatment had no effect on the ability 
of cold Ugand to displace labeled TNF, again agreeing 
with the lack of modulation of receptor affinity by IFN. 
In these experiments, the relative binding affinities of 
TNF for these lines as defined by the 50% inhibition 
point roughly paralleled the antiproliferative effects, 
however, the concentrations were generally at least 10- 
fold higher than the level yielding 50% of the biologic 
effect In a classic analysis of various agonists competing 
for the same receptor, the binding curves can be shifted 
reflecUng unequal receptor affinities, yet they should be 
parallel. In this logit analysis, the TNF curve for the SK- 
CX>-1 line was found to be nonlinear and had a different 
slope when compared with the LT binding curve. The 
quality of the HT-29 data do not allow one to define 
accurately the curve shape. This observation Indicates 
that the interactions of these two llgands with the recep- 
tor arc not identical. Looking at the TNF-binding curve 
with the SK-CO-1 line (Fig. 6), one could surmise that the 
curves were roughly parallel at high Ugand concentra- 
tions, yet deviate in the low concentration r^ons. The 
nonlinearity in the TNF curve may reflect the receptor 
heterogeneity seen in the Scatchard analysis. It should 
be noted that radiolabeled TNF binding studies may be 
plagued by an additional problem. lodination by methods 
such as iodogen that yield high specific activity labeling 
do lead to TNF Inactivatlon when the labeling Is aUowed 
to continue for longer times (J. Browning, unpublished 
observations). It Is possible that individual subunits of 
the TNF trlmer may be inactivated without serious loss 
of biologic activity. l.e.. less than 50 to 70% losses. These 
partially defective yet more highly iodinated TNF mole- 
cules may exhibit abnormal binding in Scatchard anal- 
yses. 

DISCUSSION 

We have shown in this study that TNF and LT have 
different antiproliferative properties on several human 
tumor lines. The concentration of LT necessary for a half 
maximal antiproliferative effect remained in the range of 
200 to 400 pM for three tumor lines, whereas the TNF 
concentrations required for similar activity varied over 
two orders of magnitude. With few exceptions, the pres- 
ence of only one class of TNF-binding site has been 
demonstrated with dissociation constants ranging from 
1 to 2000 pM depending upon the cell type. Unlabeled 
TNF and LT have been shown to compete with labeled 



TNF for binding to its receptor (28, 30) and vice versa, 
i.e., cold TNF could compete with labeled LT binding to 
Its receptor (29, 31, 32). Typically, LT and TNF were 
almost equally potent in this respect The simpUest model 
accommodating these data is the existence of a single 
receptor that can bind both LT and TNF. If one assumes 
that the biologic response is directly linked to receptor 
occupancy and that only a single type of TNF/LT receptor 
is present on these cells, it Is difficult to explain the 
differing biologic effects of TNF and LT. In this case, the 
differing sensitivities to TNF may simply reflect the vary- 
ing levels of signal transduction required to produce an 
effect, e.g., only 0. 1 to 1 % occupancy of the TNF receptors 
on a SK-CO-1 celt may tse sufficient to trigger cytostasis. 
However, if LT is behaving as a simple TNF agonist, it 
too should trigger the biologic event at proportionately 
lower concentrations with a cell line like SK-CO-1. Be- 
cause the potency of LT remained relatively unaltered in 
these different cells, more complex phenomena need to 
be considered. 

Two possible explanations for this discrepancy have 
occurred to us. In the first case, both low and high affinity 
receptors for TNF exist with LT binding to a low affinity 
receptor with a Kd of about lO"*** to lO"* M, but not to the 
high affinity form (Kd 10''° to lO"*" M). In this model, 
signal transduction results from occupancy of either re- 
ceptor form, however, the increased sensitivity of certain 
cell types is a consequence of TNF binding to the high 
affinity-receptor form. The high and low affinity forms 
may reflect either different states of the same receptor 
or different receptor molecules. In the second model, TNF 
binding to its receptor occurs with some form of positive 
cooperativity possibly stemming from its trlmeric struc- 
ture. The apparent high affinity binding would represent 
actually a high avidity binding mode of a common low 
affinity receptor. In this model, LT would be incapable of 
Interacting in a cooperative fashion. Whether cooperative 
interactions occur would depend probably not only on 
the receptor density, but also on other factors such as 
cytoskeletal linkages, etc. 

TNF-binding studies were undertaken in an attempt to 
resolve this dilemma and these results suggest that ele- 
ments of lx>th models may contribute. SK-CO-1 cells and 
probably HT-29 cells were found to possess a high affin- 
ity form of the TNF receptor correlaUng with the in- 
creases sensitivities of these lines to TNF. High levels of 
LT, that alone were inactive, were unable to affect the 
low level anti-prollf erative effccte of TNF with the SK- 
CO-1 line suggesting that LT cannot bind to the high 
affinity form. Furthermore, one could speculate that the 
high affinity form may be the biologically relevant TNF 
receptor and hence LT may not elicit TNF-Uke activities 
under physiologic conditions. 

On the other hand, TNF was only three- to fivefold 
better than LT in competing with ''•l-TNF binding to the 
SK-CO-1 receptor in contrast to the 150- to 100-fold 
difference in biologic potencies. Thus the existence of a 
high affinity TNF receptor may explain the increased 
sensitivity of a cell type such as SK-CO-1 to TNF, how- 
ever, the LT binding properties do not fit with its de- 
creased biologic potency. It is possible that the competi- 
tive binding studies are complicated by the existence of 
a heterogenous receptor population. Although most stud- 
ies have not detected high sif f Inity TNF binding, there are 
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a number of exceptions. High affinity TNF binding (Kd 1 
to 5 pM) was observed with human monocytes (51) and 
HL-60 cells (16, 52) and In the latter case the presence of 
the high affinity form correlated with Increased TNF 
potency. Likewise, high affinity receptors with in the 
1 to 5 pM range for murine TNF were described on the 
mouse L cell (53). Intermediate affinity receptors in the 
range of 20 to 70 pM have been described on endothelial 
cells, lymphocytes, and the breast carcinoma line MCF-7 
(23. 54-56). Evidence for mulUple TNF receptors also 
comes from consideraUon of the species specificity of 
receptors on several murine cell lines. The murine L929 
cell responds almost equally well to both human and 
murine TNF, yet the murine CT6 T ceU line (57). the 
mouse/rat T cell hybridoma PC-60 (58). and the murine 
line PG-19 (59) respond to murine TNF but not to human 
TNF. Whether these phenomena reflect separate LT and 
TNF receptors is not clear. 

The analysis of llgand binding to multiple receptors 
can be very complex, nonetheless, the data obtained in 
this study suggest an additional possibility. The loglt plots 
of TNF and LT competition for labeled TNF binding 
should yield parallel lines If the two llgands Interact in a 
similar manner with the same receptor albeit with differ- 
ent affinities. The lack of parallel plots may Indicate some 
form of receptor cooperatlvlty. Trimcrtc TNF could 
undergo multivalent Interactions with TNF receptors 
leading to a high avidity TNF interaction. This interaction 
could allow for biologic effects at low concentrations 
despite low to moderate affinity TNF binding to its recep- 
tor. In this model. LT must be considerably less effective 
In forming multimeric Interactions with this receptor 
form. In support, it was found that monomeric TNF was 
biologically less active and bound with a much lower 
affinity than trlmeric TNF (41). Conversely, one study 
employing iodlnated monomeric E, coli derived-human 
LT observed relatively high affinity binding to the L929 
cell receptor (29). Although most TNF cross-linking stud- 
ies have indicated the existence of a 55- to 75-kDa recep- 
tor chain, the molecular nature of the TNF receptor re- 
mains presentiy unresolved. Immunoaffinity-purified 
TNF receptor was found to undergo ligand-dependent 
ollgomerization. possibly reflecting binding of one TNF 
trlmer with several receptor molecules (60). An additional 
138-kDa protein was associated with TNF-responsive- 
ness In the MCF-7 carcinoma (54) and the possibility that 
this species resulted from TNF cross-linked dlmeric 
forms should be considered. Resolution of these aspects 
awaits the cloning and characterization of the TNF/LT 
receptors. 

LT and TNF pose a problem arising in other apparentiy 
redundant systems such as lL-1 types a and p and IFN-a 
and namely, why do multiple forms of these cytokines 
exist? Although a region in the C-terminal domain that 
appears to be critical for receptor binding is relatively 
conserved (61), the amino acid sequences of LT and TNF 
are only 28% homologous overall (1. 2). The genes lie 
within 2 kb of each other (1), apparently the result of a 
gene duplication event, yet they are independenUy regu- 
lated (12, 13). Other than the disparate activities In the 
endothelial cell and monocyte systems and the antipro- 
liferative effects described here, the qualitative biologic 
spectra of LT and TNF are qxiite similar. It is possible 
that the actual role of LT lies In an as yet undescribed 



system and relies on Interaction with a LT-spedflc high 
affinity receptor. It was in this light that several groups 
have relntiroduccd the suggestion that LT may be a me- 
diator of delayed type hypersensitivity reactions (26, 62). 
Whether nature enjoys the evolutional security of these 
redundant cytokines or exploits individual activities via 
separate receptors remains an open question. 
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A letrazohum salt has been used to develop a quantitaUve colorimetric assay for mammaUan cell 
sumvaJ and proHferation. The assay delects Uving, but not dead cells and the signal generated is 
dependent on the degree of activation of the cells. This method can therefore be used to measure 
cytotoxicity, proliferation or activation. The results can be read on a multiwcU scanning spectrophotome- 
ter (ELISA reader) and show a high degree of precision. No washing steps are used in the assay. The main 
advantages of the colorimetric assay are its rapidity and precision, and the lack of any radioisotope We 
have used the assay to measure proliferative Jymphokines, mitogen stimulations and complement-media- 
ted lysis. . 



Key words: lymphokine assays - proliferation assays - colorimetric assay - tetrazoUum - TCGF 



Introduction 

Many biological assays require the measurement of surviving and/or proliferating 
mammalian ceUs. This can be achieved by several methods, e,g., counting cells that 
include/exclude a dye, measuring released ^^Cr-labeled protein after ceil lysis, and 
measuring incorporation of radioactive nucleotides ([^H]thymidine or [^"l]iodo- 
deoxyuridine) during cell proliferation. The radioactive method can be partially 
automated and can handle moderately large numbers of samples, but even with these 
methods, it is difficult to process thousands of assay points per day. In our current 
research v^e assay many samples of various lymphokines that induce cell prolifera- 
tion, and so we required a rapid and quantitative assay capable of handling large 
numbers of samples. 

Viable cells could be measured by using any of several staining methods, but we 
wished to avoid any washing steps that would increase processing time and sample 
variation. Multiwell scanning spectrophotometers (ELISA readers) can measure 
large numbers of samples v^th a high degree of precision, and so we investigated the 
possibility of using a color reaction as a measure of viable cell number. Ideally, a 



OO22-1759/83/$03.O0 © 1983 Bsevicr Science Publishers B.V. 



56 



-diu.. Tetrazoliu. salts a'e tester Hlf'^ " '""^ 

measure the activity of various dehydrogen^e eSvmS ''"'^^ '''^y 

tetrazolium ring is cleaved in active mV f !. ^ a'- 1963). The 

living cells. muochondna, and so the reaction occurs only in 

living cells and c^L r^^itf^Zr^^^^^^^ n™™'^^' "^-^"^^ ^^'^ 
reader). This assay is versatile and Str i^fwro"^^^ ^^^'^^ 
advance over traditional techniques forTrrr'. ^""^'der it a significant 

cytotoxicity assays. ^ " «>™™only "sed proliferation and 



Materials and Methods 

Ceil lines 



large quantities of interleukin 2 «,h^n c- , ^K^2 subline produces 

the author's laboratory at the Universifv „f aiu v ,.' Z^"'- ^'^^ derived in 

1640 supplemented wTrh .n .: J oT"^ ^ere grown in RPMI 

in a 6% CO, atmosphere. ^-mercaptoethanol and 5-10% fetal bovine serum, 

Colorimetric MTT (tetrazoiium) assay 

a small amount of insoluble residue nrec • ! '° remove 

indicated below, s^ocTu^''^,^(Z^V:^^^^^^^ "f^' 
wells of an assay, and plates were i^cubat^ at aTo^fJ TfT^ '° ^' 

Ml of 0.04 N HCl in isopropanol) was adSd toln A^'d-'«>P™panol (100 

dissolve the dark blue ci^stals MtlZ ti t . "^'"^ thoroughly to 

that all crystals wereXolved 1 I?^ '"™P^^^^^ 
MicroelisaTeader.uSglT^ w^^^^^^^^ ^ '^y-ec'^ MR580 

nm. and a calibration setting of 1.99 Z 1 OO^nhT;, . ^«^«««"S«1> of 630 

Plates were normally read Jthin 1 I oTaddL;^t^ro;tan^ 
Interleukin 2 assay 



-"oTlTr;tr ■"'^«'- 
c.v^ and we consider ii a sigLtom 
"-■"only used proliferaCrd 



vas obtained from O r^.i 

etkau. The EL c„ui- 

at^^ ■ u ^^^^-^ subline produces 



jyl tetrazolium bromide; Sigma cata 

>1 and filtered CO s.eriliz;anrremov; 
-m^ batches of M7T. A. the tTm« 

' all wells and mixed thoroughly to 
u « at jom temperature toTns'u : 

the samples were strongly colored), 
he isopropanol. ^ 

nyristate-acetate stimulated EL.E2 

nen added, with a final volume of 
by the MTTcolorimetric assay 
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Mitogen-induced proliferation of spleen cells 

BALB/c mouse spleen cells were stimulated in 0.1 ml at 10* cells/well with 
varymg concentrations of Salmonella typhosa lipopolysaccharide (LPS; Sigma) or 
concanavahn A (ConA; Calbiochem) and assayed at 3 days for proliferation u inl 
both colonmetnc MTT and (^H]thymidine incorporation assays. For the radioact 
assay. 0.001 mC, (^H)thymidine was added to each well, and after 4 h a 3 h! 
brid'ge" MA?"" " ' " ''"'^'^^ (Cambridge Instruments. Cam! 

Computer processing 

, frfS ^^"''""^ Micvo^M^^ reader were transferred directly 

L ?f nn""?''"'"' """^ ' P'°8ram that saved the results to a diskette and 
pnnted the OD values in a 96-well format that matched the original plate AdS^ 
tional programs were written to process the data stored on disketL. We now have 
programs to plot results, calculate and plot means and standard deviations, identify 
wells above a chosen threshold, and calculate units of growth factor. IT.ese programs 
are available on request. f^^grdmb 

Results 



In preliminary experiments, we tested several tetrazolium salts by incubation with 
ceUs for several hours. The most promising reagent was MTT, a pal yeC 

STe MtV';^"'^ ' ''"^ P^^''"^' --bat^ with Uv" 

and ;rin ^r^ r""" 'r"? P'"'^""' ^^'^ P*"'^'y so'"ble in the medium, 
and so an alooho was used to dissolve the formazan and produce a homogeneous 
olution suitable for measurement of opUcal density. Initial^, ethanol wasSlo 
this purpose, but some precipitation of serum proteins occassionally occurred in the 

tl TirnH ^""''"^ ^'^^'^ »«^<^' ^«<1 isopropanol 

was found to be the most suitable solvent. Normal tissue culture medium has a 
variable color due to pH changes and the red form of phenol red interfered at the 
wavelength most suitable for blue MTT formazan measurement. To mini^ tw! 
mterference, we converted the phenol red to the fully acidic, yellow form at the end 
01 txie assay. 

salS[,o"n'/'ni'" "^"^ ^-^^ ^"^ '"8/'»' ^ phosphate-buffered 

salme) to 0.1 ml cells m growth medium. After 4 h at 37»C for MTT cleavaee the 
formazan product was solubilized by the addition of 0.1 ml 0.04 N HCl in 
isopropanol. OpUcal density was measured on a Dynatech MR 580 plate reader 
using a reference wavelength of 630 nm and a test wavelength of 570 nm. 

the aiiimof "'^ '° relationship between cell number and 

the amount of MTT formazan generated. TTie results in Fig. 1 show that the 
o5ri« 1 f proportional to the number of cells. TOs linearity extends 
over almost the enure range tested, from 50,000 to 200 ceUs/weU. In addition Uiese 

^P*"^ °' '^^'^^-S very small numb«s of'usSg 
S 1 X io«2/^* ^° ^'""'^ significanUy, even at a concentration 
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25,000 



50.000 
CELLS /WELL 



100,000 



median, (RPM'l640+10r^crL^n;i™ Ifl,""!." """"""^ " ^ ■S'ow.h 

incubated a. 37-0 for 3 h. dcve.oSdld^i:^''S. 'Z^T'" k ""'^ P'"'" 

of 4 replicates. n,e straight line pZ^s ^^Tii^ ^' 

cells/well. "Sing all points from 100 to 50,000 




1/80 1/160 1/320 
COMPLEMENT DILUTION 

After 30 mia incubation <^3^^^ tj^J^ H ^''.^ ^"'P'""""' '"'"tions in a 96.well tray, 
developed and read. Each p^ni^^ti^^^J"'"/''^ * " <^ Pla.es were 

treated; O. untreated. """'"'^ "'^^'i™ °' "T^^cates. ^ anti-n,yl.2. 
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In many assays, dead cells will be present, and so it was important to determine if 
recently killed cells were positive or negative in the assay. Fig. 2 shows that only live 
cells actively cleave MTT, while dead cells are almost completely negative even 
immediately after complement-mediated lysis. These results suggested that living 
cells with active mitochondria are required to generate a strong signal, and raised the 
possibility that the amount of formazan generated per cell would depend on the level 
of energy metabolism in the cell. To test this, we measured formazan generation by 
metabolically inactive cells (red blood cells), resting cells (spleen cells) and activated 
cells (concanavalin A-stimulated lymphocytes). Fig. 3a shows that neither chicken 
nor sheep red blood cells cleave MTT to a significant extent, and neither red cell 
type interferes significantly in the assay, up to concentrations of 2 x 10* cells/ml. 
Fig. 3b shows that Con A-activated lymphocytes produce approximately 10 times as 
much formazan per cell as their normal counterparts. 

A continuous lipe of interleukin 2 (IL2)-dependent T cells (A70 13/13). previ- 
ously established in the author's laboratory at the University of Alberta, was used as 



■e plated out in doubling dilutions in 0.1 ml growth 
96-well flat-bottomed trays (Falcon), starling at 10 ' 
idded immediately to aU weUs. and the plates were 
Each point shows the mean and standard deviation 
it line calculated using all poinU from 100 to 50,000 




-4.3 ccljs were treated with anti-Thyl.2(Cedarlane), 
led to rabbit complement dilutions in a 96-weil tray, 
to all wells, and after another 4 h the plates were 
I standard deviation of 4 rejiUcates. a, anti-Thyl.2. 



50 25 \Z5 £25 "il2" 156 O 100 200 

CELLS/WELL x lO'' CELLS / WELL x 10*3 

Fig. 3. MTT cleavage by erythrocytes and normal and activated lymphocytes, a: chicken and sheep 
erythrocytes were iacubatcd in 0.1 ml medium with MTT for 3 h at BT^C. The plates were then developed 
and read. Means and standard deviations of 3 replicates per point are shown. •, chicken erythrocytes; O, 
sheep erythrocytes, b: mouse spleen cells were stimulated with 2 ^g/ml concanavalin A for 48 h, and then 
the Con A-activated lymphocytes and normal lymphocytes were plated in doubling dilutions in 96-weIl 
flat-bottomed trays. MTT was added inuncdialeiy, and after 2 h, the plates were developed and read. The 
means and standard deviations of 3 replicates per point are shown: Con A-activated lymphocytes; 
normal lymphocytes. 
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the target cell for an IL2 assay. This assay was used to test 4 parameters of th 

SaTirr'''"" " °' °^ -""^ '° "-2- 'he duration of 

treatment, the concentration of MTT used, and the number of test cells added toT 



assay 



th< 



Fig. 4 shows the effect of varying the time of incubation with MTT. The siena 
mcreased almost linearly from 1/2 to 2 h. but increased at a lesser rate from 2 fo . 
h^ In similar experiments, the concentraUon of MTT and cell number were opti 
maed for the cell Imes used in our studies (results not shown). The formazar 
generated was approximately proporUonal to the MTT concentration at low con- 
centraaons. and reached a plateau at about 0.45 mg/ml MTT. The formazar 

TufS aZnf o7/°r'°"''- 'V"' °' ^"^ '^Sh IL2 concentrations, 

but the amoun of factor required to produce 50% stimulation was increased ai 
higher target cell concentrations. The assay could he read at 1. 2 or 3 days but the 
apparent titer of the IL2 decUned with increasing incubation time, probably due to 
depletion of the growth factor during cell growth. Our optimum values for these 5 
S'itfS need modifying for other assays, but in general, we have found that 
widely differing cell lines require only minimal changes. 




O Z 4 6 8 K) 12 
logj TCGF DILUTION 

Fig. 4 Duration of MTT incubaUon. Interleukin 2 diluUons were assayed on A70 13/13 T celk MTT 
rtiSl".''' V '° Of 3 rows each, and a. 48 h. il welU Xlo^L S 

Opucal density readmgs we« measured reladve to control wells containing medium, cdb and MTT^ 
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iure of cells to IL2. the duration of Mt¥ ' 
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j>n of MTT and cell number were opti- 

"'ncentration at low con. 
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.ns were assayed on A70 13/13 T cells. MTT 

weUs cpnuumng medium, cell* and MTT but 
replicates per point are shown, a, 1/2 b; a. 1 



47J0OO 



3T,600 




T2S 031 Oda 002 O-OOS 
CONCANAVALIN A (/ig/mll 

Fig. S. Milogen<4nduced proliferation of spleen cells. Spleen cells were stimulated for 3 days with varying 
concentrations of LPS and Con A and proliferation was measured using both colorimetiic and radioactive 
assays. Results are shown as the means and standard deviations of 4 replicates per point. Background 
values, obtained from wells with cells but no mitogen, were subtracted.from all poinu. a: LPS stimulation, 
b: Con A stimulation. 
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The results of the colorimetric assay with cloned cell lines were very encouraging 
and so we explored the utility of the assay in more complex systems: the lymphocyte 
proliferative responses to the mitogens Con A and LPS. Since many cell types are 
present in the cell populations normally used for such proliferations, it was conceiva- 
ble that certain cell types would generate abnormally large or small signals. Accord- 
ingly, we compared the colorimetric assay to a [^H)thymidine incorporation assay 
for both Con A and LPS responses of normal mouse spleen cells. 

Stimulation with both mitogens was measured effectively by both assays (Fig. 5). 
LPS stimulated cells over an extended concentration range, whereas the titration 
curve for Con A showed a narrow optimum, with little or no proliferation at high or 
low concentrations. The colorimetric and radioactive assays showed excellent agree- 
ment for Con A stimulations, and showed a small difference between the endpoint 
of LPS stimulations. 

Activated macrophages produce more formazan product from nitroblue tetra- 
zolium than do non-activated macrophages (Baehner et ah. 1976), and so we 
measured MTT formazan production after LPS activation of a macrophage-Iike cell 
line, P388D1 (Lachman et al., 1977). No increase in MTT formazan production was 
seen after stimulation with a wide range of LPS concentrations, and P388D1 cells 
did not produce an unusual amount of MTT formazan (results not shown). 



Discussion 

The cleavage of MTT has several desirable properties for assaying cell survival 
and proliferation. MTT is cleaved by all living, metabolically active cells that we 
have tested, but not by dead cells or erythrocytes. The amount of formazan 
generated is directly proportional to the cell number over a wide range, using a 
homogeneous cell population. Activated cells produce more formazan than resting 
cells, which could allow the measurement of activation even in the absence of 
proliferation. These properties are all consistent with the cleavage of MTT only by 
active mitochondria. 

The main advantage of the colorimetric assay is the speed with which samples can 
be processed. The substrate does not interfere with measurement of the product, and 
we have found conditions in which components of the medium do not interfere. This 
allows the assay to be read with no removal or washing steps, which increases the 
speed of the assay and helps to minimize variability between samples. The final 
stages of the assay (adding the MTT, reading the plate and printing the data) take 
much less time than setting up the assay (mixing cells and growth factor dilutions). 
The assay can be read a few minutes after the addition of add-isopropanol, and the 
color is stable for a few hours at room temperature. The results are also apparent 
visually, which is very useful if rapid qualitative results are required. 

The colorimetric assay measures the number and acdvity of living cells at the end 
of the assay, whereas {'H]thynMdine incorporation measures the number of cells 
synthesizing DNA during the last few hours of the assay. So the colorime'tric assay 
correlates well with visual examination of the cells at the end of the assay (Kapplei 
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|- et al., 1981) but these 2 assays can potentially differ from radioactive nucleotide 
incorporation methods. This should be kept in mind for specific applications, e.g., 

> distinguishing between death, survival and proliferation. In practice, we have not 
\ seen large differences between the colorimetric assay, radioisotope assay or visual 
inspection of the wells. 

The only additional reagents used in the assay are MTT, isopropanol, and HCl. 
No radioisotopes are used, and no scintillation counter or ganuna-counter is needed. 
This advantage is partially offset by the requirement for a plate reader, but the high 
scanning rate of typical machines (e.g., 1{ min per 96 wells) allows a single plate 
reader to handle very large numbers of samples. 

The colorimetric assay shares with the radioisotope assays the advantages of 
precise quantitation and compatibility with computer analysis programs. Since the 
colorimetric assay is so rapid, large amounts of data can be generated, and some 
form of computer processing is very desirable. We have set up programs for 
calculating means and standard deviations, plotting curves, and calculating units of 
. growth factor in the original sample (using a linear interpolation to calculate the 
exact dilution at which stimulation is a preset value, e.g., 25% of the maximum 
plateau stimulation). These programs are written for an Apple 11 computer, and are 
available on request. 

The reduction of MTT to a formazan product appears to be carried out by all the 
cell types we have examined. These include mitogen stimulated T and B cells, 
myeloma, T lymphoma and macrophage-like tumor cell lines, as well as various 
IL2-dependent T cell lines. This suggests that the colorimetric MTT assay may have 
very wide applicability for measuring survival and/or proliferation of various cells 
and can potentially be applied to any assay in which living cells must be dis- 
tinguished from dead cells or a lack of cells. The results in Fig. 2 show that dead 
cells are unable to cleave MTT within 30 min of complement-mediated lysis. This 
indicates that the assay also has potential value for quantitative and rapid measure- 
• ment of cell death, e.g., in HLA typing. The MTT assay may also be applicable to 
the assay of cytotoxic T lymphocytes, although the signal generated by the CTL 
population could mask the signal from the target population at high effector : target 

orf^jiiii ratios. 
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ABSTRACT Aggressive prostatic cardDomas most fre- 
quently metastasize to the skdetal system. We have prevtoosly 
shown that cultured human prostatic cardnoma cells are highly 
responsive to grovith fiactors round in human bone marrow. To 
identify the factorCs) responsible for the bicreased intistatlc 
carcinoma cell proUferatioa, we firactionated crude bone mar- 
row preparations by using hydroxylapatite HFLC. Tiie nuiot 
activity peak contained two high molecular weight bands (Mr 
= 80,000 and 69,000) that cross-reacted with antibodiw to 
human transferrin and serum albumin, respectively. Bone 
marrow transferrin, purified to apparent bomogeodty by 
using DEAE-Affl-Gel Blue chromatography, anti- transferrin 
afflidty chromatography, and hydroxylapslite HFLC, mark- 
edly stimulated prortatte cardnoma cell proliferation, whereas 
human serum albumin showed no rignfflcant growth factor 
activity. Marrow preparations, depleted of transferrin by 
passage over an antl-tnmsferrin affinity column, lost >90% of 
their proliferative activity • In contrast to the response observed 
with the prostatic cardnonu cell lines, a variety of human 
malignant cell lines, derived firom otlwr primary sites and 
metastatic to sites (rther than bone marrow, showed a reduced 
response to purified marrow-derived transferrin. These resalu 
suggest that rapid growth of human prostatic carcinoma me- 
tastases in sptaiBl bone may result fhHu a combbiatlon of 
conditions that indude (i) drainage of prostatic carcinoma cells 
faito the paravertebral drculatkm, W high concentrations of 
available transferrin bi bone marrow, and (ui) increased 
sensitivity of prostatic cardnonu cdb to the mitogenk activity 
of transferrin. 



Prostatic carcinoma and lung cancer represent the most 
commonly diagnosed malignancies in older American males 
and are the predominant causes of male cancer deaths (1, 2). 
Metastatic prostate carcinoma shows a site-speciflc localiza- 
tion, with the ouyority of metastases occurring iti bone, 
especially in the vertebrae, where metastatic growth is rapid 
and virulent (3, 4). In contrast, growth of primary prostatic 
carcinoma is remarkably slow, often extending over decades. 

The preferential colonization of bone marrow by prostatic 
carcinoma has been attributed to the passage of cells from the 
prostate to the spine via specialized paravertebral blood 
vessels first described by Batson (5, 6). The existence of 
these channels may contribute to the preferential vertebral 
seeding of prostatic tumor cells but does not address the 
discrepancy between the apparent growth rates for second- 
ary prostatic tumors in the bone versus primary timiors in the 
prostate. We have previously reported that bone marrow 
contains factors that arc highly stimulatory for two human 
prostatic carcinoma cell lines derived from metastatic lesions 
(7). A variety of known hematopoietic and nonhematopoietic 
growth factors were subsequently tested for their ability to 
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Stimulate prostatic carcinoma cell growth, but none had 
substantial activity (7). 

In the present study, we describe the purification of a 
mitogenic ^tor for human prostatic carcinoma cells from 
human bone marrow. Our results reveal that the purified 
activity resides in transferrin (Jf), an iron-transporting mol- 
ecule found in high concentration in bone marrow. In addi- 
tion, prostatic carcinoma cells show an increased respon- 
siveness to the growth-promoting activity of Tf relative to 
several other metastatic tumor cell types. This combination 
of high responsiveness of prostatic carcinoma cells to Tf 
along with a high concentration of Tf in bone marrow may 
partially explain the accelerated growth observed for pros- 
tatic carcinoma metastases localized to bony sites. 

MATERIALS AND METHODS 

Cells. All human metastatic cell lines were obtained from 
the American Type Culture Collection. Details of the isola- 
tion and characterization of the two prostatic carcinoma cell 
lines, PC-3 and DU 145, have been published (8. 9). Culture 
conditions for all cell lines were as described (7). Character- 
ized fetal bovine serum (FBS; HyClone) containing 1.33 mg 
of Tf per ml was heat-treated for 30 min at 56"^ before use. 

Preparatkm of Crude Manrow-Derivcd Growth Factor. Hu- 
man spinal bone marrow discarded from bone marrow trans- 
plant procedures was used as starting material for these 
studies. Crude aspirates of bone marrow were washed with 
sterile RPMI 1640 (CISCO), and the insoluble material was 
centrifiiged at 700 x ^ for 5 min. The supernatant was 
discarded, and the pellet was resuspended in S volumes of 
sterile culture medium containing penicillin (100 units/ml) 
and streptomycin (100 /ig/ml; Irvine Scientific) and incu- 
bated in 5% CO2 for 24 hr at 3r*C (7). The resulting prepa- 
ration was clarified by centrifugation at 800 x g for 5 min to 
remove cells. The total protein concentration in the starting 
material ranged from 1 to 3 mg/ml as determined iising the 
Bio-Rad protein assay. For comparison with other tissues, 4 
g of the marrow samples or frozen kidney, liver, skin, or lung, 
obtained from the National Disease Research Interchange 
(Philadelphia), was minced, rinsed with water, centrifuged, 
resuspended, and extracted in 20 ml of water for 3 hr. 
Particulate matter was removed by centrifugation, and the 
supernatant was collected, analyzed for protein content using 
the Pierce BCA protein assay, and applied directly to SDS/ 
PAGE gels. 

CeU Proliferatkm Assays. Cells were seeded at 2000 cells 
per well in 96-weU tissue culture dishes (Costar) containing 
RPMI 1640 medium with 0.25-0.5% FBS. glutamine, pcni- 



Abbreviations: Tf. transferrin; HSA. human serum albumin; FBS, 
fetal bovine serum. . 
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cillin» and streptomycin and were allowed to plate overnight. 
After 18 hr, test preparations including crude bone nurrow, 
column fractions, manDW-derived Tf, and human plasma Tf 
(Calbiochem) were added to the medium in each well (day 1). 
The cells were incubated for 3 additional days without change 
of medium and terminated on day 4. Cell number was 
estimated by using a colorimetric assay (10). Twenty micro- 
liters of the reagent 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyhetrazolium bromide (MTT; Sigma) at 5 mg/ml m 
Dulbecco's phosphate-buffered saline (PBS) was added to 
each well and incubated for 4 hr at 37^, and the cells were 
ly sed with 100 m1 of 10% SDS/0.1 M HQ to solubilize the Uue 
formazan crystal product (11). The plates were incubated at 
3TC overnight, and the absorbance at 600 nm was detected 
by using a Dynatech autonuted microplate ELISA reader. 
For each assay, absorbance values were normalized to a 
standard curve generated with known numbers of FC-3 cells. 
Cell proliferation assays involving other malignant cell 
types were performed in 24-weU tissue culture dishes (Cos- 
tar). Cells were seeded at initial densities of 10* cells per weU 
in RPMI medium containing 0.25% FBS and allowed to idate 
overnight. The next day (day 1), various doses of purified 
marrow-derived Tf were added to the wells. The experiments 
were terminated on day 4 by trypsinization, and the cell 
number was determined by using a Zf particle counter 
(Coulter). 

Btochemical and Tmmmwlogteal Proonliira* For gel elec- 
trophoresis (12), samples were heat-treated for 3 min at 9S°C 
in sample bi^er with 1.0% 2-mercaptoethanol (Bio-Rad) and 
applied to the gel. Gels were silver stained (13) or proteins 
were transferred onto nitrocellulose paper (14) by using a 
PolyBlot semidry transfer apparatus (American Bionetics, 
Hayward, CA). Blots were probed with either goat anti- 
human Tf (1:250 dilution; Calbiochem) or rabbit anti-hunum 
serum albumin (HSA) IgG (1:750 dihition; Boehringer Mann- 
heim) and resolved with protein A-coiuugated alkaline phos- 
phatase (1:1000 dilution; Boehringer Maimheim). The bands 
were visualized by using a Bio-Rad alkaline phosphatase 
substrate kit. 

DEAE-Afn-Gcl Blue Chromatography. DEAE-Affl-Gel 
Blue (Bio-Rad Labs; ref. 15) was washed with PBS and 
packed into a 1 x 17 cm column to give a total bed volume 
of 14 ml. Crude marrow-derived material (20 mg in 10 ml) was 
passed over the column at a flow rate of 0.5 ml/min. The 
column was washed with 5 volumes of PBS, and unbound 
material was collected and concentrated 10-fold by using a 
Centriprep-10 concentrator (Amicon). 

Antl-Tf-Scpharose Chromatognvhy. Rabbit anti-human Tf 
IgG (4 mg/ml) was coupled to CNBr-activated Sepharose 4B 
(Pharmacia LKB Biotechnol<»gy) according to the manu&c- 
turcr*8 instructions. Concentrated material from the DEAE- 
AfB-Oel Blue chromatography step was applied to a 1 x 8cm 
anti-Tf column (bed volume, 7 ml). The cohimn was equili- 
brated with 5 volumes of 0.1 M pho8phate/0.2 M citrate/0.25 
M NaCI, pH 7.0 (16). Bound proteins were eluted with 5 
column volumes of the same buffer at pH 2.8 at a flow rate 
of 0.5 ml/min. Unbound and bound fractions were collected, 
pooled, and concentrated 10-fold in Centricon-lO microcoD- 
centrators (Amicon). For fUrther purification, bound frac- 
tions were applied to hydroxytapatite HPIX columns as 
described below. 

Qydro^ylapallte HPLC. Crude marrow-derived material 
(200 /Ag in 2 ml of 1 mM phosphate at pH 7.0) was applied to 
a 100 X 7.8 mm Bio-Gel hydroxylapatite HPLC colunm 
(Bio-Rad) and eluted with a gradient of 1-200 mM Na3P04. 
Fractions (1 ml) were collected, passed through a 0.2-|tm 
filter (Gelman), and assayed for biological activity. 



RESULTS 

Hydrosybpatlle HPLC FMIooatioo of Crvde Bene Mar- 
rofw-Dcrhcd Growth Facton. Two hundred micrograms of 
total protein fkom crude bone marrow was loaded onto a 
hydroxylapatite HPLC colunm. Bound proteins were eluted 
with a continuous sodium phosphate gradient from 1 to 200 
mM. The elutton profile and distribution of mitogenic activity 
are shown in Fig. 1. Most of the growth stimuls^ry activity 
was detected as a miyor peak eluting at 120 mM NaaP04. A 
smaller activity peak was observed immediately after the 
void vohmie. The proUferative activity is plotted as the 
percent increase in cell number above background after 4 
days, where background levels represent cells grown in 0.5% 
FBS. Crude marrow preparations, used as a positive control, 
showed a 125% increase in cell growth afl^ 4 days. Fractions 
were analyzed by silver stained SDS/PAOE as shown in Fig. 
2A. Two nu^or bands were observed in the active fractions, 
the laiver at Mr 80,000 and a smaQer, more abundant band at 
Afr 69,000. 

Because two mitfor components of bone marrow are Tf 
(Mr, 77,000-80.000) and HSA (Mr, 69,000), we analyzed the 
hydroxylapatite fractions for cross-reactivity with antibodies 
to these two molecules (Ftg. 2B). The immunostaining con- 
firmed the presence of both Tf and HSA in the material eluted 
from hydroxylapatite. As revealed in the ehitioo pattern 
shown in Fig. 1, the mitogenic activity was ftHiad in fimrtions 
34-43, which contained both Tf and HSA. In contrast, 
fractions, such as no. 47, which contained only HSA, dis- 
played no significant autogenic activity. In Ught of diese 
findiiv, we attempted to ptirify Tf from human bone manow 
to deternnine its ability to stimulate prostatic cardrioma cell 
growth. The abundance of Tf in bone marrow relative to 
several other human tissues, as reported by De Jong et ai, 
(17), was conftrmed in our preparations by immunoblotttag 
with antibodies to human Tf (Fig. 3). High levels of Tf in the 
lung, as shown here, have recently been reported by Ca- 
vansoigh and Nicolson (18). 

Pnrttcaliaa of Bone Marrofw-Dcrtved Tf. To remove albu- 
min from oude marrow preparations, 2 ml of crude marrow 
(2 n«/ml) was loaded onto a DEAE-AfiB-Oel Bhie cohum. 
The cdumn was washed with 5 vohimes of PBS at pH 7.0, 
and the unbound nuUerial was collected and concentrated 
10-fold. This step effectively reduces the concentration of 
albumm, as shown in the '*Aiaiger* kuie of the polyacrylam- 




Fracbon number 

Fio.l. Hydroxylapatite Hnx:ofcrude marrow-derived growth 
bcton. Oude marrow (TOO |ig) was dihited ia 2 ml of 1 mM NasTOi 
at pH 7.0 and iiQected onto an HPLC hydroxylapatite cohimn. The 
etutioD profile was monitored by measurement of absorbance at 213 
un. Each fractioo (20 was tested for iu abOity to stimulate 
proUferatkm of PC-3 prostatic carcinoma cells. Data is expressed as 
the mean (n » 3) percent increase ii< cell number above background, 
where background repreaenta growth of cells in medium supple- 
mented with 0.5% FBS phis 20 fd of buffer ftom equivalent fia^^ 
of a gradieot run in the absence of bone mairow. Cnide mairow- 
conditiooed medium (100 ^ml) was used as a poaitive control. 
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Fio. 2. SDS/PAGE gel analysis of hydroxylapatitc fracUons of 
crude bone marrow growth foctors. Fractions eluted from hydrox* 
ylapatite HPLC were applied to a SDS/12.5% polyacrylamidc gel 
under reducing conditions. The gel was subsequently silver stained 
M). or the proteins were transferred onto nitrocellulose and tested 
for immunoreactivity to antibodies prepared against human plasma 
Tf or HSA (B). The fraction numbers are indicated akmg the top of 
the gels. 

ide gel shown in Fig. AA * The presence of HSA and Tf in these 
samples was monitored by immunoblotting with antibodies to 
these two proteins* as shown in Fig. 4B. Control experiments 
showed no cross-reactivity between Tf and albumin. This 
material was subsequently loaded onto an anti-Tf column and 
washed with 5 column volumes of 0.1 M phosphate/0.2 M 
citrate/0.25 M NaCl, pH 7.0; and the bound material was 
eluted with the same buffer at pH 2.8. This procedure results 
in material containing predominantly Tf with a sniall anKNint 
of residual proteins, as shown in the **Anti-Tr* lane in Fig. 
4i4. The bound fractions from the anti-Tf column were 
pooled, concentrated 10-fold, rediluted 2-fold in phosphate 
buffer at pH 7.0, and applied to a hydroxylapatitc HPLC 
column. The activity corresponded to one sharp peak that 
eluted with 100 mM phosphate (data not shown). The gel 
profile of the fractions is shown in the ''HAP" lane in Fig. AA, 




Fio. 3. Immunoblot analysis of human organ extracts with an- 
tisera to human Tf. Extracts were prepared as described in Materials 
and Methods, and 3 i&g was loaded onto each lane of a SDS/4-20% 
polyacrylamidc gradient gel containing 1.0% 2-mercaptoethanol. The 
proteins were transferred to niiroceliulose, and the blot was probed 
with an antibody to human Tf. Lanes; A, kidney; B, liver; C. skin; 
D, bone marrow; E. lung. 



Fio. 4. Gel analysis of active fractions from purification scheme 
for marrow-derived TT. Aliquots from the sequential purification 
steps were analyzed by siWer staining (A) and immunoblotting of 
SDS/polyacrylamidegels with goat anti-human TfCB). Lane BMCM, 
1.5 pLg of crude marrow; lane AfRgel, 1.5 pg of material eluted from 
DEAE-Afli-Gel Blue; lane anti-Tf. 0.3 of material that bound to 
an anti-TT affinity column; lane HAP, 0.15 /tg of pooled active 
fractions 36 and 37 from hydroxylapatlte HPLC; lane h-Tf, standard 
<^ 0.3 M of purified human plasma Tf. 

A single silver-stained band migrating with Mr 80,000 was 
obtained after the hydroxylapatitc step. 

Biological Activity of Bone Marrow-Derived Tf. The purified 
marrow-derived Tf was tested for its ability to stimulate PC-3 
cell growth. As shown in Fig. 5, the purified Tf is a potent 
stimulator of PC-3 cell growth, with half maximal activity at 
x'l.S pLg/tol, In contrast, HSA had little mitogensc activity for 
the PC-3 cells. 

InhiUtfcm of Marrow-Derived Growth Factor Activity by 
Antibodies to the Human Tf Receptor. Antibody 42/6. Irindly 
provided by I. Trowbridge, prepared against the external 
domain of the human Tf receptor (19), has been shown to 
block Tf binding to ovarian carcinoma cells and to retard 
growth in a variety of tumor cell types (20), When this 
antibody was tested for its effect on the proliferation of 
prostatic carcinoma cells, the extent of inhibition for cells 
stimulated by crude marrow preparations was equivalent to 
that for cells stimulated by purified, iron-saturated human 
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Fio. 5. Growth response of PC-3 to purified human bone mar- 
row^ierived Tf. Cells were seeded at 2000 cells per well in a 96-well 
tissue culture plate in medium containingO.S% PBS and Uie indicated 
concentrations of purified bone marrow-derived Tf (•) or HSA (o). 
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plasma Tf. These results, as shown in Table 1, are consistent 
with a requirement for Tf to support growth of prostatic 
carcinoma cells. 

TfDcpletkNi Results tn Reduced Growth Facter Acthity in 
Cmde Marrow Prepa rat loni. Crude marrow preparations 
were depleted of Tf by two successive passes over an anti-Tf 
affinity colimm. The depleted fractions were tested for their 
ability to. stimulate PC-3 cell growth. As shown in Table 2, Tf 
depletion effectively removed nearly all of the growth- 
stimulatory activity from crude marrow-derived material. 
After elution with a low pH buffer (pH 2,8) and subsequent 
neutralization, this material retained substantial growth fac- 
tor activity. SDS gel staining and Western blotting (not 
shown) confirm the presence of Tf as the principal compo- 
nent of the eluant. 

Rcspoote of Other Metastatic CcU Lines to Tf. The effect of 
marrow-derived Tf on the growth of a variety of metastatic 
tumor cells is shown in Fig. 6. No substantial response was 
seen with CakM (human kidney carcinoma, metastatic to 
skin), Hs746t (human stomach carcinoma, metastatic to leg). 
Sk-Mcl 2 (human malignant melanoma, metastatic to skin of 
thigh), MCF-7 (human breast carcinoma, pleural efihision), 
and (Zalu-1 (human lung epidermoid carcinoma, metastatic to 
pleura) cells. In contrast, PC-3 and Du 143, metastatic human 
prostatic carcinoma cell tines, were highly responsive to the 
mitogenic activity of marrow-derived Tf. 

DISCUSSION 

The preferential colonization of particular tissues by certain 
metastatic tumor cells is mediated by a combination of highly 
specific cellular interactions including site-specific cell ad- 
hesion, cell migration, and cell growth (21). In the case of 
prostatic carcinoma, a leading cause of cancer mortality for 
which no curative therapy currently exists, metastasis to 
bone is associated with poor survival (2-4). Preferential 
prostatic carcinoma metastasis to bone is mediated, in part, 
by preferential dissemiruUion of cells to spinal bone via the 
paravertebral vessels (5, 6). Preferential growth of prostatic 
carcinoma in a variety of bone sites including the spine, long 
bones, and skull may be related to the finding that bone 
marrow contains growth factors that stimulate prostatic 
carcinoma ceil growth (7). In the present report, we have 
denionstrated that Tf, purified from human bone marrow, is 
highly autogenic for human prostatic carcinoma cells but less 
stimulatory for a variety of other metastatic cell lines. 

Tf is a well-studied glycoprotein of Afr 77,000-80,000 that 
participates in iron transport in most tissues (22). Most Tf is 
produced in the liver where it is secreted into the blood- 
stream and transported to all tissues. The tissue distribution 
of Tf is not, however, homogeneous. Endogenous Tf is 
produced by a variety of nonhepatic cells including testicular 

Table 1. Inhibition of manow-derived growth foctor activity by 
antibody 42/6 to the human Tf receptor 



conceniraiion, Tf, Crude marrow, 
/Ag/ml l/*g/ml 25/ig/ml 



0 — — 

1 32 32 
10 37 47 

100 40 S3 



PC-3 cella were plated at a density of 2000 ceUs per wcU tn a 96-well 
tissue culture ptate in culture medium containing 0.23% FBS. After 
18 hr, Uie indicated doses of pla&ma Tf, crude bone marrow prepa- 
ration, and anti-Tf receptor were added to each welt. The experiinent 
was terminated on day 4. Dau is expressed as the percent inhibition 
of cell growth relative to control cultures grown in the absence of the 
anti-Tf antibody. 



Table 2. Crude human bone marrow preparation depleted of TT 
by anti-Tf chromatography 

Testmatcfial % growth stimulatkw 

Crude roanow 75 ±4 
Tf-depieted firactions 6.3 ± 2.6 
EhitedTf 70 ± 3.8 

Crude bone marrow was depleted of Tfby two successive passages 
over a colosui cortainmg anti-human Tf antibody coqh^atfd to 
Sepbarose 4B. Marrow-derived Tf was duted ftom the column with 
phoiphate/cttrate buffiDr, pH 2.8. and subsequently neutralized. 
PC-3 cells were plated at 2000 ceUs per well hi a 96-well tissue culture 
plate in medium contahiing 0.5% FBS. After 18 hr. saUtrating 
amounts of crude marrow (150 /ig/ml) and column firactioas (70 
fig/ml) were added to the culture wells. The experiment was termi- 
nated on day 4. Data is expressed as the percent increase in cell 
number relative to control cells incubated in 0.5% serum alone. 

Sertoli cells, brain capillary endothelial cells, q>eiidymal cells 
in the choroid plexus, and brain oUgodeiidrofiJiai ceUs (23). Tf 
is also sequestered in certain organs that are sites of iron 
absorption, utilization, and storage. Booe mairow is a prin- 
cipal site of iron utihzatioo due to the high iron requirements 
of devek^ing erythroid cells and rapidly dividing hemato* 
poietic progenitors. This is r^ected in the high concentra- 
tions (tfTf found in nonnal red bone marrow (16). Prostate, 
in contrast, is normally low in Tf, but levels are elevated in 
hyperplastic or neoplastic prostatic tissue (24). 

In vitro studies have demonstrated that cells cultured in 
defined serum-free medhmi require Tf in addition to other 
hormones and growth factors for cellular (HPoliferation (25). In 
nsost cases, Tf-mediated iron transport is permissive for cell 
growth in the presence of additional growth factors. Tf 
receptor levels increase on prdtferating cells, implying a 
requirement for increased iron transport associated with cell 
proliferation. Tf, by itself, is generally not mitogenic, but 
there are cells in which Tf alone can initiate passage through 




C8ki-1 Hi746t S»»-Mel 2 MCF-7 Calu l Du 145 PC-3 



Fio. 6. Growth of human tumor cell lines in response to marrow- 
derived Tf. CeUi were plated overnight at a density of 10* ceUs per 
16-mm tissue culture wdl in 1% PBS. The next day, the wells were 
washed twice with sterile PBS, and fresh RPMl medium with 0.1% 
FBS was added to each weU in addition to ttie indicated doses of 
purified marrow-derived Tf. Alter4 days, the ceUs in each well were 
trypwinized and counted. Data are expressed as the mean ± SD(it « 
3) for the percent increase above background. The cell lines tested 
include Caki-l (human kidney carcinoma, metastatic to skin). Ht746t 
(human stomach carcinoma, metastatic to les)> Sh-Mel 2 (human 
maUgnant melanoma, metastatic to skin of thigh), MCF-7 (hunum 
breast carchioma, pleural eflusion), C^atu-l (human luQf epidermoid 
carcinoma, metastatic to pleura), PC-3 (prostatic carcinoma, meta- 
static to bone), and DU 145 (prostatic carcinoma, metasutic to booe 
and brain). 
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the cell cycle. This is true for some tumor cells and partic- 
ularly for leukemic cells (26-28). 

The mechanisms underlying Tf-stimulated cell prolifera- 
tion have been most extensively studied in hematopoietic 
cells (29). Under normal conditions, iron uptake requires the 
presence of specific cell surface receptors for Tf, and Tf 
receptors are expressed at high densities on the surface of 
rapidly proliferating cells. Terminally difTerentiated cells 
have few or no specific binding sites for Tf (30). Malignant 
cells generally also have more Tf receptors than cells in 
benign lesions (31). 

The prostatic carcinoma cell lines PC-3 and DU 145 have 
been reported to have abundant Tf receptors on their celt 
surface (32). We now report that these cells proliferate in 
response to marrow-<lerived Tf, whereas a variety of human 
tumor cells metastatic to sites other than bone marrow were 
substantially less responsive to the mitogenic activity of the 
same Tf preparations. Previous results ^m our laboratory 
have demonstrated that these nonprostatic tumor cell lines 
were also relatively unresponsive to crude preparations of 
bone marrow-derived growth factors. We do not mean to 
imply, however, that only prostatic carcinoma cells will 
respond to Tf since some other tumor cells have been shown 
previously to proliferate in response to Tf (26-28). C:enain 
lung-colonizing tumors have also been shown to proliferate in 
response to a Tf-like growth factor purified from lung tissue 
(33). Metastatic tumor cells that metastasize to other Tf-rich 
sites such as brain and testis might also be predicted to 
respond to Tf as a growth factor. Our results demonstrate that 
the growth response to Tf is not a universal feature of all 
metastatic tumor cells and may therefore have implications 
for the colonization of Tf-rich tissues by distinct populations 
of metastatic tumor cells. 

No significant difference was observed between plasma Tf 
and manrow-derived Tf or between iron-saturated Tf and 
apotransferrin in our studies (data not shown), although the 
presence of iron in the 0.5% FBS used in these assays 
suggests that the apotransferrin would rapidly become iron- 
loaded under these conditions. Depletion of Tf from crude 
marrow preparations resulted in a >90% decrease in mito- 
genic activity, suggesting that Tf is required for growth 
stimulation of prostatic carcinoma cells. 

Our current results present one possible explanation for the 
predominance of prostatic carcinoma metastases in vertebral 
bone. Passage of metastatic tumor cells from the prostate to 
the spine is promoted by the presence of specialized para- 
vertebral vascular channels (5, 6). Once lodged in the verte- 
bral marrow cavity, prostatic carcinoma cells may proliferate 
rapidly under the influence of high concentrations of growth 
factors such as Tf as well as other, as yet unidentified factors. 
Metastases growing in spinal bone may then shed additional 
tumor cells into the venous circulation, giving rise to tertiary 
metastases in other Tf-rich sites including lung, brain, and 
other bones. We hypothesize, therefore, that the preferential 
seeding of prostatic carcinoma to vertebral bone along with 
the selectively rich growth conditions in the marrow envi- 
ronment may account for the preferential colonization of the 
vertebrae by metastatic prostatic carcinoma cells. Prostatic 
carcinoma may therefore be a good candidate for treatment 
with antibodies to Tf or the Tf receptor or with the Tf receptor 
coiyugated to bacterial toxins (34). 
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